Abstract The retention of radioactive cesium (Cs) in soil is significantly related to the types of clay minerals, while the weathering process affects the irreversible adsorption sites in clay minerals. In this study, the effect of weathering (exposure duration of Cs and repeated wetting and drying cycles) on fractionation of Cs in soils was investigated using fractionation analysis by the sequential extraction. The residual fraction of Cs increased slowly with exposure time but increased rapidly by repeated wetting and drying cycles. XRD analysis shows that a 1.43 nm of interlayer size for vermiculite is shortened to 1.00 nm, i.e., similar to that of illite. The change implies the potential that the structure of expandable clay minerals is transformed to the non-expandable structure by weathering process after Cs retention. Based on the result, the residual fraction of Cs, most stable form of Cs in the soil, reached relatively rapidly to a maximum. However, the process is much slower kinetically in the field because the bench-scale weathering process used in this study is more aggressive. This study implies that Cs fractionations in the soil are converted into a more stable fraction by weathering processes in the soil. Therefore, Cs removal should be conducted as soon as possible after accidental release of Cs in an environmental side.
Introduction
Radionuclides including cobalt (Co), strontium (Sr), iodine (I), and cesium (Cs) generated by nuclear accidents could influence surrounding environment significantly (Llano et al. 1998; Wang et al. 2010; Park et al. 2017b) . For example, the area surrounding nuclear accident sites in Chernobyl (1986) and Fukushima (2011) has been damaged by radionuclides, and radioactivity is still being detected in these sites (Cambray et al. 1987; Dubrova et al. 1996; Dumat et al. 2000; Staunton et al. 2002; Giannakopoulou et al. 2007; Yasunari et al. 2011; Endo et al. 2012) . Among the radionuclides, radioactive Cs ( 137 Cs) is a dangerous radionuclide because of its long half-life (about 30 years) (McKinley et al. 2004; Bouzidi et al. 2010 ) and emission of gamma (c) radiation (Saito et al. 2015) .
Also, the chemical properties of Cs are very similar to the representative monovalent cation potassium (K), in the soil system (Shaw and Bell 1991) . Therefore, plants can absorb Cs instead of K (Gommers et al. 2000; Wendling et al. 2005) . Consequently, human beings ingest these Cs-containing edible animals, plants, and grains through the food chain and are threatened severely by an internal dose. Some plants can uptake Cs in the low-level nuclear waste (Singh et al. 2008 (Singh et al. , 2009 , which shows the applicability of phytoremediation to treat Cs. Also, stabilization technique immobilizes 96% of Cs in soil (Mallampati et al. 2012) . However, the problem is that Cs stabilized in soil emits still c radiation in soil, even though the technique reduces the translocation of Cs to plants from the soil. Consequently, the stabilization is very effective to confine permanently radioactive wastes in the well-controlled facilities, but it is not a good way in remediation concept of soil. To solve the problem of soil contamination, the radioactive Cs should be separated or removed from the impacted soil. Several techniques including extraction process, phytoremediation, and electrokinetic-flushing process were reviewed to investigate the potentials to treat Cscontaminated soil in Fukushima, Japan (Ding et al. 2016) . Additionally, electrokinetic-electrodialytic method (Kim et al. 2015) , phytoextraction (Lasat et al. 1997) , magnetic separation (Nishijima et al. 2013) , and desorption using polymeric cation exchange (Park et al. 2017a ) have been studied to remediate Cs-contaminated soil. However, it was not concerned the fractionation of Cs on soil environments and the interaction between Cs and soil. In the remediation, the interaction is key factor to treat radioactive Cs-contaminated soil. Therefore, the understanding of an interaction between radioactive Cs and the soil is very important, especially the fractionation of Cs on soil environments.
After accidental release of Cs, Cs-laden particulates fall down via dry and wet deposition, finally Cs exposures to soil environment (Cambray et al. 1987) , and most Cs is accumulated in the topsoil, i.e., within 10 cm from the ground. Most of Cs in Chernobyl and Fukushima nuclear accident site was accumulated within 6 cm (Askbrant et al. 1996) and 5-10 cm (Kato et al. 2012; Tanaka et al. 2012) . The retention of Cs in soil is closely related to clay minerals, more specifically three adsorption sites in the clay minerals: planar sites, frayed edge sites (FES), and interlayer (Cornell 1993) . In general, Cs is reversibly adsorbed onto planar sites, but irreversibly adsorbed onto FES and interlayer Yin et al. 2017 ). In the planar sites, Cs is desorbed by ion exchange with various cations such as sodium, potassium, ammonium, calcium, and magnesium (Willms et al. 2004; Fukushi et al. 2014; Mukai et al. 2016) , while Cs in FES and interlayer is not desorbed by cations (Sawhney 1972; Fuller et al. 2015) .
The clay minerals, especially 2:1 micaceous minerals including illite, vermiculite, and montmorillonite, are weathered by repeated drying and wetting environment in nature, which affects the adsorption characteristics of Cs on soil (Cornell 1993; Maes et al. 1999) .
The residual fraction in the fractionation analysis is strongly related with the Cs fixed or adsorbed irreversibly onto the soil (Hou et al. 2003; Yamasaki et al. 2016) . However, it is unclear whether Cs was irreversibly adsorbed spontaneously after exposure to soil or the fractionation of Cs changed to residual fraction through weathering because these researches had been conducted after 3-20 years of Cs exposure to soil. In nature, the soil experiences weathering by time and climate, and the wetting and drying states are repeated after Cs exposure to soil. Moreover, the weathering process increases the amounts of FES and changes the fractionation of Cs in the soil (Sawhney 1972; Nakao et al. 2008) .
Therefore, in this study, the influence of weathering on fractionation of Cs in soils was investigated by exposure duration of Cs and wetting and drying repetitions, and the fractionation of Cs was used to evaluate the influence.
Materials and methods

Materials
Three different soil samples were taken from an agricultural site (Soil 1), urban site (Soil 2), and forest site (Soil 3) in Korea, respectively. All soil samples were sieved to \ 2 mm and dried at 105°C. Illite [K 0.8-0.9 (Tsukada et al. 2002; Kang et al. 2012 ). Potassium chloride (C 99.0% KCl, Sigma-Aldrich, USA) solution was used as a background solution in wetting condition, and a filter paper (\ 0.45 lm, 5B filter paper, Adventec, Japan) was used to separate the soil from solution.
Methods
The characteristics of soil samples including soil organic matters, distribution of particle size, and cation exchange capacity (CEC) were analyzed. Soil organic matters were analyzed by thermal treatment at 440°C for 24 h based on Korean Standard Test Method for Soil. Distribution of particle was analyzed by wet sieving at the size range of 2-0.15, 0.15-0.075, 0.075-0.038, and under 0.038 mm.
Concerning the exposure time of Cs, a mass of 3 g of soil and clay samples was mixed with 30 mL Cs solution (10 mg/L) in a 50-mL polyethylene centrifuge tube (Thermo scientific, USA) at room temperature for a day, week, month, and 3 months. After artificial contamination, the mixture was centrifuged at 9000 rpm for 10 min and filtered by a filter paper (\ 0.45 lm), and the soil was dried at 50°C for 24 h in a drying oven. For the experiments on the repeated wetting and drying states, the soil was artificially contaminated by Cs for 24 h at the same conditions for the exposure experiment described above. The soil portion was separated from the mixture by filtering using a filter paper of \ 0.45 lm and dried at 50°C for 24 h (drying states), and the dried soil was mixed with 30 mL of 195 mg/L (5 mM) KCl solution (background solution) for 24 h (wetting states). The cycles of wetting and drying states were repeated 5, 10, and 15 times.
After weathering process, the fractionation of Cs in the soil was analyzed by a sequential extraction, i.e., SM&T method (Rauret et al. 1999; Hou et al. 2003; Saito et al. 2014; Kim et al. 2016; Yamasaki et al. 2016) . Here, in order of F1, F2, F3, and F4, the fraction indicates the stronger adsorption onto the soil and detail SM&T method is shown in Table 1 . All experiments were carried out in triplicate, and average values were indicated with error.
The Cs concentration was analyzed by inductively coupled plasma mass spectrometer (ICP-MS, ELAN DRC-e, Perkin Elmer, USA), and ICP-MS was recalibrated every 60 samples. The weathered soil sample was analyzed by a X-ray diffractometer (XRD, D/MAX 2500, Rigaku Instrument, Japan) with a CuKa (k = 1.5406 Å ), which was operated at 40 kV, 100 mA, 0.028 step size, and 38/min scan speed. The interlayer size of clay minerals in three soil samples was calculated based on the Bragg's law as follows :
where d is the interlayer size, n is constant value, k is wavelength of copper (k = 1.5406 Å ), and h is scattering angle, respectively.
Results and discussion
Characteristics of soil samples
The characteristics of three soil samples (Soil 1, Soil 2, and Soil 3), including soil organic matter, particle size distribution, and CEC, are summarized in Table 2 , in detail (Park et al. 2017b Influence of the exposure times of cesium (Cs)
The fractionation of Cs in Soil 1, 2, 3, illite, and kaolinite after exposure of 1 day was evenly distributed to each fractionation of Cs. The similar portion of residual fraction with others is completely different to the results reported by Hou et al. (2003) and Yamasaki et al. (2016) , where most Cs was residual fraction. Also, the exposure time does not change the fractionation of Cs in Soil 3, illite, and kaolinite up to 3 months, but it was changed slightly that in Soil 1 and Soil 2 (Fig. 1) . The fraction 1 (F1), such as soluble, exchangeable, and carbonate bound fraction, decreases 9 and 3 mg/kg after 3 months, while the fraction 4 (F4), i.e., residual fraction, increases 7 and 4 mg/kg in Soil 1 and Soil 2, respectively. Therefore, this suggests that some Cs adsorbed onto the weak adsorption sites is slowly converted into the fraction adsorbed onto strong adsorption sites by the weathering. However, the fractionation of Cs in clay minerals (illite and kaolinite) is not changed significantly, although the weathering is able to generate FES in micaceous clay mineral (Sawhney 1970; Cornell 1993 ). This observation is originated from the fact that illite and kaoline have been weathered enough or the weathering process in the minerals is too slow to show as discernible change in Cs fractionation in this study. Furthermore, kaolinite is not easily weathered by water, and it needs high thermal energy for weathering (Frost et al. 1999) . Therefore, the influence of exposure time on the fractionation of Cs is important to Soil 1 and Soil 2 containing other clay minerals.
Influence of repeated wetting and drying cycles
As the wetting and drying cycles are repeated, F1 and F2 are lowered to some extent and total Cs concentration decreases in the all samples (Fig. 2) . This is because the weakly bound fraction of Cs is desorbed by the background solution, 197 mg/L of potassium solution, from all samples during wetting stages. By contrast, F4 in Soil 1, 2, and 3 increases 13, 45, and 10 mg/kg after 15 times repetition of wetting and drying cycles. In particular, F4 in Soil 2 increases dramatically by the weathering process. This Lee et al. (2017) observation indicates clearly that the repetition of wetting and drying cycles in nature is able to transform a portion of F1 and F2, weakly bound fraction of Cs, into F4, the most stable fraction of Cs in soil. Also, the wetting and drying cycles induced faster change in Cs fractionation than the exposure time. The result indicates that wetting and drying cycles affect more significantly the fractionation change of Cs than the exposure time, i.e., more important factor on the fractionation change of Cs. Furthermore, similar to the previous section, the weathering process does not affect the fractionation of Cs in illite and kaolinite, probably because illite and kaolinite are non-expanding clay minerals and have been weathered already.
XRD diffraction of Soil 1-3 shows a distinctive structural change after 15 times repetition of wetting and drying cycles (Fig. 3) . In the Soil 1, illite and kaolinite are the major clay minerals, and relatively fewer amounts of vermiculite are observed; however, the weathering process makes the peaks of vermiculite nearly indiscernible after 15 times wetting and drying cycles. In Soil 2, even though vermiculite is dominant, the peaks of vermiculite disappear but the emerging peaks of illite is shown. In Soil 3, no change is observed in XRD diffraction patterns.
In general, the basal spacing of vermiculite ranges from 1.00 to 1.47 nm, and vermiculite is easily expanded but constricted by water or hydrated cations (Huo et al. 2012 ). When vermiculite is exposed to Number of wetting and drying cycles Fig. 2 Fractionation change of Cs according to the wet/dry conditions. The wet/dry repetitions in the experiments were carried out for 0, 5, 10, and 15 times, and background solution in wet condition is 5 mM KCl for 24 h and drying condition is at 50°C for 24 h hydrated Cs, the hydrated Cs is adsorbed onto the interlayer of the expanded vermiculite (Cornell 1993) , after which the interlayer is shrunken by dehydrated Cs to 1.00 nm (Kim et al. 2017) . In Soil 2, Cs was adsorbed onto the interlayer of vermiculite as an exchangeable fraction initially, but the repeated wetting and drying cycles changed weakly adsorbed Cs to stable fraction. In other words, the vermiculite is changed into another clay mineral, illite like nonexpanding clay mineral (Kogure et al. 2012; Motokawa et al. 2014) . Also, Cs is irreversibly adsorbed on the expanding 2:1 clay minerals including vermiculite and smectite due to the structure change by weathering (Sawhney 1972; Nakao et al. 2008; Kogure et al. 2012) . Therefore, Cs is found finally as the residual fraction or irreversibly adsorbed fraction in Soil 2. As a matter of fact, the majority of radioactive cesium in Chernobyl and Fukushima existed as a residual fraction (Hou et al. 2003; Yamasaki et al. 2016 ). This result implies that Cs was contaminated as a labile fraction in the soil, and it has been converted into stable or residual fraction via very long exposure time and repeated wetting and drying cycles.
Estimation of Cs fractionation change
The fractionation change of Cs was estimated by the regression analysis using the residual fraction with respect to the exposure time or number of the wetting and drying cycles. The other fractions, i.e., water-soluble, exchangeable, carbonate bound, reducible, and oxidizable fractions, are relatively easily desorbed from the soil. In the regression analysis, the exposure time and a number of repeated wetting and drying cycles are independent variables and the residual fraction is dependent variable. Concerning the change of exposure time, fractionation change to a residual fraction in Soil 1, 2, and 3 reaches a plateau within 7 days (Fig. 4a) . In comparison, the fractionation change by wetting and drying cycles is saturated within five repetitions (Fig. 4b) . However, in the natural conditions, Cs-contaminated soil has been weathered by the exposure time and wetting and 2 theta drying cycles simultaneously. In field conditions, the soil is not saturated with water even in moderate rainfall events. Also, the mobility of Cs in natural condition is lower than the experimental condition due to no fully saturated state with water. Therefore, it takes a longer time to reach an equilibrium and is much slower weathering/aging process compared to the results obtained in this study.
Conclusions
In this study, we investigated the fractionation change of Cs in the soil environments with weathering, i.e., the exposure time of Cs and wetting and drying cycles. As a result, the fractionation of Cs on soil was slowly changed by the exposure time of Cs but relatively rapidly changed by wetting and drying cycles. It implies that Cs in soil is transformed into strongly bound, stable fraction onto the soil particle which is difficult to be desorbed, i.e., the fractionation of Cs is converted to stable fraction from weakly bound fraction by the weathering. Furthermore, the structural change of clay mineral was observed in soil by wetting and drying cycles. Even though Cs was initially adsorbed reversibly, it is changed into the irreversibly adsorbed state by the structural change of vermiculite, which makes the removal or separation of Cs from soil more difficult. Furthermore, Cs is irreversibly adsorbed on the expanding 2:1 clay mineral including vermiculite and smectite by weathering due to the structure change. Based on the regression of the data obtained, residual fraction of Cs, most stable part of Cs in the soil, increases by weathering until reaching an equilibrium state although it is much slower in the natural conditions. Therefore, in environmental remediation point, it is recommended that Cs should be removed as soon as possible after its accidental exposure or leaching to the soil environments.
